ABSTRACT This work reports the concept and implementation of a dual-band wireless fronthaul (FH), using a frequency selective surface (FSS)-based focal-point/Cassegrain antenna, assisted by an optical midhaul (MH). Our innovative fiber-wireless architecture enables to achieve simultaneous and extendedreach transmission over two distinct bands, namely C-and Ka-bands. The dual-band wireless FH is ensured by employing a dual-band antenna, consisting of a conventional main reflector (paraboloid) and a subreflector based on a frequency selective surface, which allows integrating a focal-point and a Cassegrain system in the same structure. It presents gain from 30 to 39.4 dBi and bandwidth from 1.1 to 4.3 GHz at 7.45 and 28 GHz, respectively. The optical MH relies on applying a dual-drive Mach-Zehnder modulator for simultaneously modulating both RF signals at the same wavelength and distribute them through a 25 km fiber optical link. Finally, the RF carriers at 7.5 and 28 GHz are radiated by the FSS-based antenna over dozens of meters wireless link. Experimental results demonstrate throughput up to 18 Gbit/s with error vector magnitude in accordance to the 3GPP Release 15 requirements, giving rise to a potential technological solution for increasing the system range, as well as reducing capital expenditure costs, footprint, weight and complexity.
I. INTRODUCTION
Mobile communication systems have been continuously evolving as the data traffic demand increases. Particularly, the evolution from 3G to 4G (third and fourth generations of mobile communication) mainly consisted on redesigning the mobile radio access network (RAN) in order to allow increasing data traffic and enhancing user experience [1] . RAN can be implemented in multiple and distinct architectures, including distributed RAN (D-RAN), centralized RAN (C-RAN) and variations between them [2] , [3] . The D-RAN architecture consists of physically locating the baseband processing unit (BBU) with the remote radio unit (RRU) in the The fifth generation of mobile communication (5G) is expected to attend at least three main scenarios according to 3GPP (Third Generation Partnership Project) [5] : enhanced mobile broadband communication (eMBB); massivemachine-type communication (mMTC); ultra-reliable low latency (URLL) applications [3] - [7] . Additionally, remote and rural access have also been triggering a lot of interest, mainly in continental-scale countries, such as Brazil, China, and Canada [8] . Many architectures have been proposed to attend 5G scenarios. The CHARISMA project [9] , [10] consists of a hierarchical approach, with active nodes between CO and user elements (UEs). Each node has its own management unit to perform data storage, processing and routing functionalities, which means data can be routed through the smallest path to achieve low latency networking. A second architecture named 5G CHAMPION [11] has been implemented on a testbed targeting the provision of 5G services during the 2018 Winter Olympics in Korea [12] . Up to 2.5 Gbit/s throughput using a 1-GHz bandwidth was demonstrated, using dual polarized array antennas in both transmission and reception [12] .
The transport network needs to provide high data traffic for supporting any of those proposed architectures and scenarios. Fiber-wireless (FiWi) systems have been recently proposed to fulfill the tough requirements of the future 5G networks [13] - [15] , focused on optical fronthaul interfaces using radio over fiber (RoF) for C-RAN applications. Particularly, our group has contributed to this area on the main segments: development of photonic-assisted RF devices [16] - [18] ; implementation of multiband fiber-wireless 5G systems [19] . The latter one reported the integration of a 5G transceiver based on generalized frequency division multiplexing (GFDM) in a gigabit passive optical network (GPON). Two 5G RF signals candidates (735 MHz and 26 GHz) have been simultaneously transported through an active GPON, by using a dual-drive Mach-Zehnder modulator, for mitigating possible interferences between them.
In parallel, many dual-band antennas have been exploited in literature [20] , [21] . Particularly, in [21] , the authors have proposed a dual-polarized antenna for dual-band fullduplex base station applications operating in both GSM and WCDMA frequency bands simultaneously. Complementary, our research group has introduced some dual-band antenna approaches for radar and communication applications. In [22] , a dual-band and dual-polarized slotted-waveguide antenna array (SWAA) operating in the S and C-bands has been proposed for dual-use radars. Additionally, the first optically controlled SWAA operating in millimeter-waves (mm-waves) was introduced in [23] , in which the antenna bandwidth could be managed between 28 and 38 GHz bands, by using photoconductive switches. We have also proposed dual-band SWAAs for eMBB applications in mm-waves [24] . Finally, a dual-band focal-point/Cassegrain parabolic antenna based on frequency selective surface (FSS), operating in the S-and X-bands, was described in [25] . Fig. 1 presents our 5G-Xhaul architecture proposal based on the integration of optical backhauls (BH) and midhauls (MH) with dual-band wireless fronthauls. The core network is directly connected to COs, containing the BBU pool, through optical BHs, typically using wavelength-division multiplex (WDM) systems. A BH can also connect multiple COs to each other. COs provide the baseband processed signals at an intermediate frequency to a distribution unit (DU) or directly to RRUs. Midhauls are the connections between BBUs and DU, whereas those between BBUs and RRUs are named fronthaul. FHs are also used to connect DUs to RRUs, while MH might provide high data traffic to femtocells as well [13] . We propose using dual-band and high gain antennas for increasing the fronthaul capacity, in conjunction with optical midhauls to extend the network reach.
This work presents the concept, implementation and experimental performance analysis of an innovative fiber-wireless architecture for 5G-Xhaul networks. The key paper contribution is the integration of optical backhauls and midhauls with a dual-band wireless fronthaul based on the use of a FSSbased dual-band focal-point/Cassegrain parabolic antenna. Table 1 reports of a comparison between the state-of-the-art network architecture solutions with the current work in terms of methodology, performance metrics, core solution and radio access network features.
The manuscript is structured in five sections. Section II presents the FSS-based focal-point/Cassegrain antenna development for the C-and Ka-bands. The dual-band wireless fronthaul implementation is described in Section III, while Section IV presents the integration of the optical midhaul with the dual-band wireless fronthaul. Finally, the conclusions and future works are outlined in Section V.
II. FSS-BASED FOCAL-POINT/CASSEGRAIN ANTENNA
Agrawal and Imbriale have proposed the use of a FSS-based subreflector on a parabolic antenna to enable simultaneous operation in two frequency bands, sharing a single main reflector [26] . In this way, it became possible to accommodate a focal-point and a Cassegrain antennas in the same structure.
We have recently applied their idea to develop a similar antenna based on crossed-dipoles for S-and X-bands, aiming dual-use/dual-band radar applications [25] . Now, we assert to design a new unit, with FSS based on circular radiating element, for the 7.5 and 28 GHz bands, with the advantage of less susceptibility to incident angle variations. This feature implies in higher reflection efficiency for the designed frequency bands [27] , [28] . The use of dual-band focal-point/ Cassegrain parabolic antenna (DBPA) in wireless communication links is intended for two reasons: maximizing the system capacity and throughput; minimizing the overloading effect in cell towers, which are worldwide used and crowded due to the installation of many parabolic antennas for pointto-point links.
The new FSS-based dual-band focal-point/Cassegrain parabolic antenna consists of two feeders, a single main reflector and a FSS-based sub-reflector (FSS-SR), as described in Fig. 2 . In the C-band, the feeder 1 radiates an electromagnetic wave to be reflected by the main reflector, acting as a focal point parabolic antenna. On the other side, in the Ka-band, the feeder 2 takes advantage of the FSS-SR for reflecting the wave back to the main reflector, acting as a Cassegrain system. We have set the feeders rotated by 90 degrees to each other (orthogonal polarizations), with the purpose of mitigating possible interferences. We have used a 60-cm diameter (d) paraboloid as the main reflector. Two pyramidal horn antennas have been designed according to the well-known equations presented in [29] and then milled with aluminum to act as feeder elements. Both horn antennas have been designed with at least 1-GHz bandwidth; one centered at 7.5 GHz and other at 28 GHz. The antenna main dimensions have been calculated using (1)- (4), namely: the focal point (F); subreflector diameter (D) and its eccentricity (e); distance between the C-band antenna and FSS-SR (L) [25] , [29] . θ ab , θ cd , and Z 0 represent the C-band feeder beamwidth (θ ab = 55 • ), Ka-band feeder beamwidth (θ cd = 34.5 • ) and the distance between main reflector and Ka-band feeder, in which it was adopted the relation Z 0 = F/2. Numerical simulations using ANSYS HFSS have been carried for validating the antenna design and enhance it by sweeps of its main parameters. The antenna dimensions are summarized in Table 2 . The FSS-SR has been designed using circular radiating elements. A unit cell was obtained by considering external and internal radii equal to one-half and one-quarter of the effective wavelength (λ ef ), respectively [30] . The effective wavelength is determined by considering the effective electric permittivity (ε ef ), which is the average between the dielectric and air permittivities [29] . We have chosen the Arlon DiClad 880 substrate (ε = 2.2) for fabricating the sub-reflector by means of uniting triangular, quadrangular and rectangular pieces. Fig. 3 displays the FSS-SR final dimensions after numerical sweeps, considering f = 28 GHz. The FSS-SR diameter has been dimensioned according to (2) , as aforementioned. The reflection (S 11 ) and transmission (S 21 ) coefficients are typically considered for evaluating the FSS structure operation. The first one is useful for analyzing the structure periodicity, by means of phase variation, whereas S 21 enables to investigate the FSS filtering characteristics [30] . Particularly for our design, the main concern is the stop-band behavior at 28 GHz, making necessary the transmission coefficient characterization. Two identical pyramidal horn have been placed face-to-face, spaced by 82.5 mm from each other. We have carried out the S 21 measurement with and without the FSS-SR for estimating its stop band and, consequently, validating its reflectivity for the higher frequency band. without and with FSS-SR is equal to or higher than 10 dB. A 4.5 GHz stop band has been obtained from 27 to 31.5 GHz, as illustrated by the highlighted region from Fig. 4b , endorsing the high reflectivity in the Ka-band. On the other hand, FSS-SR does not cause any change in the transmission coefficient over the S-band, validating the required transparency for this frequency range. Fig. 4c also confirms the transparency in the S-band, by displaying a simulation of the electrical field at 7.5 GHz, which pass through FSS-SR. Finally, Fig. 4d illustrates the FSS-SR reflection in the C-band, more specifically at 28 GHz. It is well-known FSS based on circular resonant elements provides higher robustness to incident angle variations [27] , [28] , [30] . In any case, we have experimentally characterized our FSS-SR by varying the angle of incidence from −30 • to 30 • . As expected, no performance degradation has been observed. The next steps were the DBPA manufacture and characterization. The DBPA prototype is shown in Fig. 5a . Both C-and Ka-band pyramidal horn antennas have been milled with aluminum, while Delrin dielectric bars, made of acetal resin, have been manufactured for mounting the RF feeders and sub-reflector, with the aim of mitigating harmful effects in the antenna sidelobe level. The antenna impedance has been shown suitable for both frequency bands. Its fractional bandwidths for S 11 below −10 dB were: from 6.9 to 8.0 GHz (14.76% at 7.45 GHz); from 23.8 to 30.6 GHz (15.38% at 27.2 GHz). Particularly for the higher frequency band, the DBPA bandwidth is limited by the FSS-SR operation.
Next, an analog signal generator (EXG N5173B) and a FieldFox Microwave Analyzer (N9952A) have been used for the DBPA radiation pattern measurements, using 20m-link at 7.5 GHz and 70m-link at 28 GHz in order to ensure farfield conditions. Fig. 5 reports comparisons of the radiation pattern numerical and experimental results for both bands in the electrical (E) and magnetic (H ) field plans. It is noted excellent agreement for all evaluated cases. The antenna has presented beamwidth of 4 • and 1 • at 7.5 and 28 GHz, respectively, in the magnetic field plane. DBPA beamwidth in the E-plane is 1.5 • and 4.5 • at 28 and 7.5 GHz, respectively. For the H -plane, this parameter is a lit bit narrower, i.e. 1 • and 4 • at 28 and 7.5 GHz, respectively. DBPA provided a measured gain of 30 and 39.4 dBi at 7.5 and 28 GHz, respectively. The sidelobe level has been kept below −10 dB for all cases.
III. DUAL-BAND WIRELESS FRONTHAUL IMPLEMENTATION
The dual-band wireless fronthaul implementation was based on a 20-m range wireless, with the purpose of validating the DBPA applicability. We have individually evaluated the digital performance in either C-and Ka-band in the presence of the other one for verifying the dual-band simultaneous operation. Fig. 6 presents the experimental setup for implementing the dual-band fronthaul. We have implemented an arbitrary waveform generator at the distribution unit for generating a modulated signal at an intermediate frequency (IF) of 500 MHz to be up-converted to 7.5 (RF 1 ) or 28 GHz (RF 2 ). Concurrently, an analog signal generator has generated a 10 dBm CW signal at RF 2 or RF 1 . Two different horn antennas have been used to detect the RF signals at RRU: horn 1 with 10 dBi gain at 7.5 GHz; horn 2 with 13 dBi gain at 28 GHz. Both signals have been amplified with low noise amplifiers (20 and 35 dB gain for RF 1 and RF 2 , respectively) and then analyzed by a vector signal analyzer (VSA). Fig. 7 displays photographies of the indoor experiment, including the pieces of equipment and RF components. Digital pre-distortion (DPD) has been applied to enhance the system performance. DPD is a technique for compensating the channel fading in both phase and magnitude. In our implementation, transmitter and receiver have been connected using Ethernet protocol to establish configuration and remotely controlling the communication in a closed loop [31] . In this way, the transmitter has been able to predistort the RF generating signal for minimizing the error vector magnitude (EVM RMS ) parameter at receiver. Particularly, we have implemented DPD based on a nonlinear block with input-output amplitude and phase responses complementary to those presented by the communication channel, including amplifiers nonlinearities [31] , [32] .
Figs. 8 and 9 report the digital performance analysis of a 600 Mbit/s 64-QAM signal at 7.5 GHz and 3.2 Gbit/s 16-QAM signal at 28 GHz, respectively. At 7.5 GHz, one can observe an EVM RMS enhancement from 5.6% (Fig. 8a ) to 1.2% (Fig. 8b) , by applying DPD. This improvement can be clearly identified by analyzing the eye diagram opening and symbols dispersion in the constellation. A similar enrichment was obtained at 28 GHz, with EVM RMS from 11.2% (Fig. 9a) to 2.5% (Fig. 9b) . According to 3GPP Release 15 specification [33] , the system must operate with EVM RMS below 12.5%, 8% and 3.5% for 16-, 64-and 256-QAM, respectively. No performance variation has been observed by turning the other band off, demonstrating the antenna applicability for dual-band fronthauls.
Additionally, the system performance has been carried out by investigating EVM RMS as a function of throughput, using up to 1 and 2 GHz bandwidth for 7.5 and 28 GHz carriers, respectively, maintaining DPD on. Fig. 10 the EVM performance has been in accordance with 3GPP requirements for all values of throughput, reaching 8.0 Gbit/s. For 64-QAM, the EVM RMS has reached the 3GPP requirement line at 10.0 Gbit/s. Finally, for 256-QAM, we were able to reach up to 9.0 Gbit/s with EVM bellow the 3GPP requirement.
IV. DUAL-BAND WIRELESS FRONTHAUL ASSISTED BY AN OPTICAL MIDHAUL
The concept and block diagram of the dual-band wireless fronthaul assisted by an optical midhaul architecture is represented in Fig. 12a . Such system combines photonics and radiofrequency for providing a broadband optical MH followed by a dual-band wireless FH. It is worth mentioning the main benefits of incorporating optical MH as part of the RF transport network are the extremely high channel capacity and electromagnetic interference immunity, as well as the possibility of RF long range distribution with low and fixed propagation losses (≈0.2 dB/km at 1550 nm with today's single mode fibers) regardless the operational radio frequency. Fig. 12b displays a photography of the experimental setup.
At CO, the electrical-to-optical (E/O) conversion has been realized by using external modulation. More specifically, a dual-drive Mach-Zehnder modulator (DD-MZM) has modulated a 1550 nm optical carrier, from a distributed feedback (DFB) laser, with both 7.5 and 28 GHz RF-driven signals, which are then launched into the optical MH. The DD-MZM assist to mitigate interferences between RF 1 and RF 2 , since they individually drive its upper and bottom RF inputs, with distinct and optimized bias voltages (V BIAS1 and V BIAS2 ) [19] . The last ones have been set to 0.5 and 0.7 V, respectively, in such way the DD-MZM operates at the quadrature point for avoiding distortions.
A 25 km optical MH reaches DU, in which both RF signals have been recovered after the optical-to-electrical conversion (O/E), performed by a broadband photodetector (PD). Subsequently, RF 1 and RF 2 have been 24 dB amplified using a broadband electrical amplifier (EA 1 ) and separated by a diplexer. Also at DU, RF 1 and RF 2 have been further individually amplified by EA 2 and EA 3 , respectively, to posterior feed the dual-band parabolic antenna for simultaneous radiation. A 10-m dual-band wireless FH has been implemented as a proof-of-concept, by employing RRU elements in accordance with the previous Section. Table 3 reports the main optical and electrical power levels of our experimental setup. A digital performance analysis has been carried out at RRU for RF 1 and RF 2 , maintaining DPD on. The resultant throughput and EVM RMS as a function of modulation order and occupied bandwidth are reported in Table 4 . The proposed architecture has been shown potential to provide expressive throughput in both transmitted spectral bands and efficiently meeting the minimum 3GPP requirements. The 256-QAM transmission with 240 MHz bandwidth has been the unique case among those evaluated in which EVM RMS has exceeded (in 0.2%) its specified limit. It has occurred because the photonics/wireless integration has imposed RF power losses mainly due to the E/O and O/E conversion, which have been compensated by the amplification stages at DU. The last ones added additional noise and, consequently, have directly contributed to the EVM RMS increasement, especially for 256-QAM signals with bandwidth above 200 MHz. Figs. 13 and 14 present the digital performance analysis at 7.5 and 28 GHz, respectively, for two configurations from Table 4 . Fig. 13 displays the received spectrum and digital performance analysis of the 256-QAM signal at 7.5 GHz, which has enabled 800 Mbit/s throughput using 120 MHz bandwidth. The correspondent constellation and eye diagram have enabled a correct demodulation at RRU, with EVM RMS = 2.0% after 25 km propagation in the optical MH and 10 m dual-band wireless fronthaul. Finally, Fig. 14 exhibits the received spectrum and digital 
V. CONCLUSION
This paper has presented a novel and innovative mobile architecture based on a dual-band wireless fronthaul assisted by a high-capacity and long-reach optical midhaul. A dual-band focal-point/Cassegrain parabolic antenna has been developed and implemented in the wireless fronthaul for simultaneously transmitting the C-and Ka-bands. Additionally, the proposed architecture has been idealized for applying a dual-drive MZM for modulating an optical carrier with two distinct RF signals at 7.5 and 28 GHz, with interference mitigation, for enabling dozens of km optical midhaul. An additional contribution was the use of digital pre-distortion for linearizing the fiber-wireless system and increasing the system throughput.
We have performed EVM RMS measurements for diverse modulation schemes, reaching 8.0 and 10.0 Gbit/s at 7.5 and 28 GHz, respectively, totalizing 18.0 Gbit/s throughput in accordance with 3GPP EVM RMS requirements. By applying an optical midhaul followed by the wireless fronthaul, we have been able to reach 7.0 Gbit/s total throughput over a 25 km reach optical/wireless hybrid Xhaul.
As future works, we envisage a fully integrated optical/ wireless hybrid X-haul with photonic-assisted RF conversion, with the purpose of establishing a complete communication link from BBU to mobile users. Additionally, we propose to use the recent standardized 5G new radio (5G NR) signal according to the 3GPP release 15.
